The purpose of this study is to improve the surface properties of austenitic stainless steel using the double-folded electrode screen plasma nitriding (SPN) process. In general, the S-phase is well-known for its excellent properties such as improved hardness and wear resistance along with sustained corrosion resistance. The concentrated nitrogen via SPN process was injected to form S-phase with time at 713 K. This study was carried out under the conditions of 44 at% of nitrogen injection, which was higher than 25 at% known as the condition of no precipitation of S-phase formed by the SPN process, and 20 K higher than the maximum temperature without precipitation phase. The hardness analysis of stainless steel sample treated by the SPN process at 713 K showed a much higher value than the typical nitriding hardness at a depth of lower nitrogen than the maximum nitrogen concentration. The SPN 20 hr treated specimen showed the average value of 2339 HV while 40 hr showed the average value of 2215 HV. The result is attributed to the concentrated nitrogen formed in the SPN process reacting with the alloying elements contained in the base material to form fine precipitates, thus producing a synergy effect of the extreme hardening effect; that is, the movement of precipitates and dislocations due to the GP-zone (Guinier-Preston zone).
Introduction
The double-folded electrode Screen Plasma Nitriding (SPN) process of austenitic Advances in Materials Physics and Chemistry stainless steel (ASS) at low temperatures has been extensively studied to understand the factors influencing the formation of nitrogen expanded austenite (S-phase) [1] [2] [3] [4] [5] . The S-phase provides high hardness and wear-resistance, and for this reason, there are potential demands for S-phase from the industries of machinery, mold tools and automotive parts [4] .
The S-phase on the surface of ASS is thermodynamically unstable when it is oversaturated with interstitial atoms such as nitrogen and carbon. This is because the state of oversaturation induces internal stress that distorts lattice and increases the volume of ASS [6] .
The residual stress, or internal stress, of ASS leads to the formation of CrN-precipitates after nitriding, which results in severe corrosion through the formation of galvanic cells [7] . Also, the formation of cracks can initiate from the locations with high composition-induced stress in ASS.
Christiansen suggested that high nitrogen potential is located near the surface of the S-phase, which leads to the push-out of grain for relaxing the stress. This implies that corrosion can initiate at the locations where grain push-out occurs [8] . Indeed, the phenomena of corrosion were observed in the S-phase when the sample was immersed in an acid mixture of 50% HCl/H 2 SO 4 (3:1) and 50% H 2 O, as shown in Figure 1 .
Christiansen et al. also proposed a corrosion model based on the simulation for the relationship between the amount of nitrogen diffused into the matter and the distribution of residual stress during gas nitriding process [8] . He also mentioned that the formation of cracks is likely to occur above 25 at% of the amount This study reports the result showing the particularly high hardness even when considering that the error range is high since the micro hardness is very large during the process of controlling the phase formation through aging by slow cooling after injecting concentrated nitrogen in the precipitation zone of S-phase for the study of the formation of more hardened surface despite the loss of nitride layer by precipitate.
Experimental Procedures
Disc samples of ASS with the size of 10 mm by 30 mm were prepared. The nominal composition of the ASS (AISI 316L or JIS-SUS316L) was 0.03% C, 2% Mn, 0.75% Si, 0.045% P, 0.03% S, 16% -18% Cr, 10% -14% Ni, and 0.1% N ( Table   1 ).
The bright polished ASS was treated using a SPN equipment (Figure 2 ) as follows. The samples were placed in a double-folded screen electrode set-up on the electrically insulated plate (cathode) surrounded by the chamber wall (anode). The double-folded screen electrode was a mesh cylinder of 700 mm in Table 1 . Chemical composition of AISI 316L (ASS) used in the experiments (%). During the SPN processing, DC power (maximum output: 600 V/50A) was applied to the double-folded screen electrode to increase the temperature. The processing temperatures for SPN process were 713 K, respectively, at fixed 0.15
Torr for 4, 10, 20, and 40 hours. During the process, N 2 /H 2 gas with gas ratio of 1 to 3 were used with 320 sccm.
The microstructure of the samples after SPN treated sample was observed using SEM/EDS (FEI Hong Kong Company, NNS-450 and Bruker LN2 free SDD EDS). XRD data were collected using a PANalytical X-ray diffractometer with
Cu Kα radiation (λ = 1.5405 Å) for the investigation of phase composition.
Hardness and depth profile of the samples were measured using a micro-Vickers hardness tester (Matsuzawa, MMT-3).
Results and Discussion
The For the S-phase prepared at 713 K, peak shift to the lower 2θ angle as well as peak broadening with different diffusion concentration, about 3˚ and over, are clearly shown, which imply that the unit cell volume expands due to the larger amount of nitriding-induced nitrogen interstitials in the S-phase [8] .
Comparison of ASS raw material and X-ray peak by the SPN process as shown in Figure 4 indicates the formation of S-phase in the maximum grid constant after the sample is treated for 4 hours or longer. However, it also shows the peak grid. At 713 K and 40 hr, the peak is separated into two or more as shown in Cr, Fe, and Mo etc.) precipitated in the sublayer, that is the phase [14] . The study of phase distribution showed the difference of precipitation phase according to depth. However, the phenomenon must be analyzed with the phase structure and thus is excluded from this study. In Figure 7 , the atomic concentration of nitrogen near the surface of S-phase is 44 at% which implies that the nitrogen contents at the surface increase during the SPN 20 hours treatment. Particularly, a steep increase of the nitrogen concentration towards the surface of the S-phase after the smooth increase of the nitrogen gradient from the ASS substrate was observed on the sample.
Interestingly, a very small amount of carbon atoms was observed at the location where diffusion of nitrogen atoms towards the ASS substrate halts, as shown in the insets of the Figure 5 , which implies that carbon atoms in bare ASS are pushed ahead by the diffusion of nitrogen atoms during screen plasma nitriding procedure.
Comparison of the gradient of nitrogen concentration in Figure 7 and the images of 713 K for 20 hr and observed hardness in Figure 5 indicates that the nitrogen concentration showing the maximum hardness is at 20 at%, not 44 at%.
Conclusions
The S-phase of the ASS was prepared using SPN treatment at different times.
The prior studies have focused on decreasing deterioration of corrosion resistance due to a formation of S-phase. However, increasing the process time of S-phase will result in precipitation of new phase in the S-phase by the CrN and the contents in ASS.
The SPN treatment of sample at the temperature of 713 K for 4 hours showed no precipitation phase or crack initially and then the fine cracks beginning to form after 10 hours and the precipitation phase observed in the S-phase at 20
hours. The precipitation phase spread throughout the whole S-phase after 40
hours. The result showed that the phase-forming behavior agreed well with the peak shift and the phase separation phenomenon of the X-ray diffraction pattern. by aging and lattice parameter change of nitrogen during cooling.
It suggests the direction for the development of new methods of SPN treatment if a high degree of wear resistance is necessary even if it means some deterioration of corrosion resistance.
